Introduction
============

Osteoarthritis (OA), with clinical manifestations of joint swelling and chronic pain, seriously affects quality of life. Moreover, OA is characterized by articular cartilage degeneration and chronic inflammation. Chronic inflammation includes IL-1, IL-6, TNF-α and other inflammatory factors related to decomposition.[@b1-jpr-11-3003],[@b2-jpr-11-3003] However, the central link in the pathogenesis of OA is articular cartilage degeneration.[@b3-jpr-11-3003] Articular cartilage degeneration is caused by chondrocyte degeneration, extracellular matrix degradation and subchondral bone sclerosis.[@b4-jpr-11-3003] Therefore, articular cartilage degeneration is also affected by the balance between matrix metalloproteinases (MMPs) and tissue inhibitor of metalloproteinases (TIMPs).[@b5-jpr-11-3003],[@b6-jpr-11-3003]

Decreased autophagy in chondrocytes is one of the main mechanisms of articular cartilage degeneration in OA.[@b7-jpr-11-3003] The promotion of autophagy in chondrocytes provides a novel therapeutic target in the treatment of OA.[@b8-jpr-11-3003] Autophagy is widely present in eukaryotic cells at a low level under normal physiological conditions. Autophagy is induced when cells are stimulated by starvation, nutritional deficiencies and oxygen stress. Intracellular long-lived proteins, soluble proteins, damaged organelles and other intracellular substances are transported to lysosomes for degradation and then reused to meet the cell's needs, and this process is essential for cell survival.[@b9-jpr-11-3003] Therefore, decreasing autophagy may induce various human diseases. Autophagy seems to play an important role in maintaining cell survival and biosynthesis due to the low rate of proliferation of chondrocytes.[@b8-jpr-11-3003] It has been reported that the occurrence of OA is associated with a decrease in the autophagy level in chondrocytes.[@b7-jpr-11-3003]

The AMP-activated protein kinase (AMPK)/mammalian target of rapamycin (mTOR) signaling pathway and the AKT/ mTOR signaling pathway are involved in autophagy in OA chondrocytes.[@b10-jpr-11-3003],[@b11-jpr-11-3003] The activation of AMPK or the inhibition of AKT promotes autophagy in chondrocytes and suppresses the inflammatory reaction in OA.[@b10-jpr-11-3003],[@b11-jpr-11-3003] It has been reported that rapamycin acts on the mTOR signaling pathway in mouse knee joints by suppressing a target of mTOR and by promoting LC3 II, which is a main marker of autophagy, and the degree of cartilage degeneration with rapamycin treatment was significantly reduced compared with nontreatment.[@b12-jpr-11-3003],[@b13-jpr-11-3003] More importantly, metformin (an AMPK activator) inhibits inflammatory cytokine production, such as IL-6 and TNF-α, in inflammatory arthritis by regulating autophagy in chondrocytes.[@b14-jpr-11-3003] Therefore, the AMPK/mTOR signaling pathway is a potential treatment target in OA.

Ozone therapy was first reported by Wolff in 1974.[@b15-jpr-11-3003] In recent decades, ozone therapy has been widely used in the clinical treatment of acute and chronic inflammatory pain, including spinal pain, OA and soft-tissue injury.[@b16-jpr-11-3003] It has been clinically observed that ozone has a distinct positive effect on patients with disk herniation and OA.[@b17-jpr-11-3003],[@b18-jpr-11-3003] Some researchers have revealed that ozone activates antioxidant protection systems to induce the activation of intracellular signaling pathways, such as the AMPK signaling pathway, to attenuate chronic constriction injury (CCI)-induced neuropathic pain.[@b19-jpr-11-3003],[@b20-jpr-11-3003] Only some technical tips for performing ozone therapy are currently available, but the specific mechanism of ozone treatment remains unclear, especially for OA. Therefore, this study aimed to investigate whether ozone activates autophagy in chondrocytes pretreated with IL-1β in vitro through the AMPK/mTOR signaling pathway.

Materials and methods
=====================

Isolation and culture of rat chondrocytes
-----------------------------------------

Chondrocytes were isolated from newborns Wistar rats within 72 hours. The newborn Wistar rats were purchased from the Experimental Animal Center of Shandong University. All procedures involving the use of animals were conducted in compliance with the guidelines of the National Institute of Health and were approved by the Animal Care and Use Committee of the Shandong Provincial Hospital affiliated with Shandong University. All possible efforts were made to minimize animal suffering and the number of animals used.

The rats were sacrificed by cervical dislocation under general anesthesia and then placed in povidone iodine and 75% ethanol for sterilization for 5 minutes. Rat knee cartilage was isolated and cut to approximately 1 mm^3^. The cartilage samples were first digested with 0.25% trypsin containing ethylenediaminetetraacetic acid (EDTA) for 30 minutes and then with 0.2% type II collagenase for 2 hours. A total of 5 mL of DMEM/F12 medium containing 10% fetal bovine serum (FBS) was added, and the supernatant was discarded by centrifugation. The cells were resuspended in DMEM/ F12 medium containing 10% FBS and antibiotics (100 U/ mL penicillin and 100 U/mL streptomycin). The cells were counted using a hemocytometer to adjust the cell concentration to 1×10^5^/ mL and were then placed in culture flasks at 37°C under humidified conditions and 5% CO~2~ for culture. The medium was replaced 3 days later. Approximately 5 days later, the cells had spread and grown to confluence, and they were then digested with 0.25% trypsin containing EDTA and passaged at a 1:2 ratio. In this study, we used third-generation cells. Chondrocytes were identified by immunofluorescence staining for type II collagen.

Osteoarthritis chondrocyte model
--------------------------------

Cells were stimulated with IL-1β (10 ng/mL) (PeproTech, USA) for 24 hours before O~3~ treatment similar to OA chondrocytes. 3-methyladenine (3MA) and compound C (com C) were added 12 hours before ozone treatment.

Ozone exposure
--------------

Chondrocytes were treated with different doses of ozone at referential levels in a computer-controlled in vitro exposure chamber for 30 minutes.[@b21-jpr-11-3003],[@b22-jpr-11-3003] The ozone concentration was analyzed by an ozone analyzer (Model MD-050-12-f-4, Perma Pure Inc., Toms River, NJ) and was managed by a computerized system. All experiments with ozone treatment for 30 minutes or 1 hour were analyzed after 30 minutes.

Cell viability assay
--------------------

Cell viability was detected by using a CCK-8 kit (Dojindo, Kumamoto, Japan). The procedure was performed as follows. Chondrocytes (5×10^4^/ mL) were seeded in each well of a 96-well plate. The cells were maintained in an incubator at 5% CO~2~ and at 37°C for 24 hours.

Briefly, 10 µL of solution from the CCK-8 kit was added to each well of the 96-well plates, and the plates were incubated in the dark for 4 hours. The absorbance was measured at 450 nm with a microplate reader. Cell viability was expressed as a percentage of live cells compared with the control group, which was set to 1.

Quantitative real-time PCR assay
--------------------------------

Total RNA was extracted from chondrocytes using Trizol reagent (Takara, Shiga, Japan) in accordance with the manufacturer's instructions. Total RNA (1 µg) was reverse-transcribed into complementary DNA (cDNA) using a PrimeScript RT reagent kit (RR047A; Takara, Shiga, Japan). mRNA expression was measured by quantitative real-time PCR (qRT-PCR) using SYBR^®^ GreenER™ SuperMix (Takara, Shiga, Japan) with specific primers for β-actin: forward 5′-GGAGATTACTGCCCTGGCTCCTA-3′, reverse 5′-GACTCATCGTACTCCTGCTTGCTG-3′, IL-6: forward 5′-ATTGTATGAACAGCGATGATGCAC-3′, reverse 5′-CCAGGTAGAAACGGAACTCCAGA-3′, TNF-α: forward 5′-TCAGTTCCATGGCCCAGAC-3′, reverse 5′-GTTGTCTTTGAGATCCATGCCATT --3′, MMP-13: forward 5′-TGATGATGAAACCTGGACAAGCA-3′, reverse 5′-GAACGTCATCATCTGGGAGCA-3′, and TIMP-1: forward 5′-CATCTCTGGCCTCTGGCATC-3′, reverse 5′-CATAACGCTGGTATAAGGTGGTCTC-3′. Fold changes in gene expression were calculated by the following formula: 2^−Δct^, where ΔCt is the difference in the threshold cycle of the sample.

Western blotting
----------------

Chondrocytes were lysed by radio immunoprecipitation assay (RIPA) lysis buffer with phenylmethylsulfonyl fluoride (PMSF) and a phosphatase inhibitor. The concentration of proteins was measured using a bicinchoninic acid (BCA) protein assay kit (Beyotime, Beyotime Biotechnology, China). The proteins (30 µg) were separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and were transferred to polyvinylidenedifluoride (PVDF) membranes. The membranes were blocked in a nonfat dry milk solution for 1 hour. Then, the membranes were incubated overnight at 4°C with anti-AMPK (CST, \#2532, 1:1000 dilution), anti-p-AMPK (CST, \#2535, 1:1000 dilution), anti-mTOR (CST, \#2983, 1:1000 dilution), anti-p-mTOR (CST, \#5536, 1:1000 dilution), anti-Beclin-1 (Abcam, ab207612, 1:1000 dilution), anti-ULK1 (Abcam, ab133747, 1:1000 dilution), anti-LC3 II (Abcam, ab48394, 1:1000 dilution), anti-P62 (Abcam, ab56416, 1:2000 dilution), anti-Bcl2 (Abcam, ab194583, 1:2000 dilution) and anti-Bax (Abcam, ab32503, 1:1000 dilution) primary antibodies in dilution buffer. Next, the membranes were incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit or anti-mouse IgG (Zhongshan Golden Bridge Biotechnology, 1:5000 dilution) at room temperature for 1 hour. Then, the membranes were developed using the enhanced chemiluminescence substrate LumiGLO (Millipore, Bedford, MA, USA).

Immunofluorescence assay
------------------------

Cells were seeded in 14 mm glass-bottomed microwell dishes. Chondrocytes were treated with ozone when they reached approximately 40% confluence. They were then washed with PBS three times and fixed with 4% paraformaldehyde for 15 minutes. Next, 0.3% TritonX-100 was used for cell permeabilization for 5 minutes. The cells were blocked with goat serum at room temperature for 1 hour and were incubated with anti-LC3 II (Abcam, ab48394, 1:100) and P62 (Abcam, ab56416, 1:100) overnight at 4°C. The next day, the cells were incubated with the secondary antibody (Abcam, ab150080, ab150117, 1:400) at room temperature for 1 hour. The 4′,6-diamidino-2-phenylindole (DAPI) counterstain was used to show the chondrocyte nuclei. The stained chondrocytes were observed by immunofluorescence microscopy.

Transmission electron microscopy (TEM)
--------------------------------------

Chondrocytes were treated with ozone after 30 minutes as described above. The cells were washed with PBS three times and were collected by a cell scraper. Then, the cells were centrifuged at 1000 *g* for 10 minutes. The cell clumps were fixed with ice-cold 3% glutaraldehyde in 0.1 M cacodylate buffer and were post-fixed in osmium tetroxide. The cell clumps were cut into ultrathin sections after they were embedded in Epon epoxy resin. The ultrathin sections were stained with 0.1% lead citrate and 10% uranyl acetate and were observed with a transmission electron microscope.

Statistical analysis
--------------------

The data are presented as the mean ± SD and were analyzed using variance SPSS 22.0 (IBM software, Chicago, IL, USA). The differences in the means were determined by a one-way analysis of variance (ANOVA) for multiple comparisons followed by the least significant difference (LSD) test for two-group comparisons among the multiple comparisons. A *P*-value of less than 0.05 was considered statistically significant. All measurements were carried out at least three times.

Results
=======

Morphological observations and identification of cultured chondrocytes
----------------------------------------------------------------------

Under an inverted phase contrast microscope, cells were observed to be attached to the wall of the culture flask 24 hours after inoculation, and approximately 3 days later, the cells exhibited a cobblestone-like appearance ([Figure 1A, B](#f1-jpr-11-3003){ref-type="fig"}). The cells grew rapidly at the second and third generation, but slowly after the fourth generation, with the cell morphology exhibiting long spindles. Therefore, the third generation of cells was chosen for use in this study.

To ensure cell purity, immunofluorescence staining with an anti-collagen II polyclonal antibody was performed. The results revealed that more than 95% of the cultured cells showed positive expression for collagen II ([Figure 2A, B](#f2-jpr-11-3003){ref-type="fig"}).

Ozone (30 µg/mL) improves the cell viability of chondrocytes stimulated with IL-1β
----------------------------------------------------------------------------------

The viability of chondrocytes stimulated by IL-1β (10 ng/ mL) for 24 hours was significantly reduced after ozone treatment in the range of 40 µg/ml to 60 µg/ml. There was a significant difference between chondrocytes stimulated with only IL-1β and IL-1β-stimulated chondrocytes treated with 60 µg/mL ozone ([Figure 3A](#f3-jpr-11-3003){ref-type="fig"}). Treatment with 30 µg/mL ozone dramatically and significantly improved cell viability compared with stimulation with only IL-1β ([Figure 3A](#f3-jpr-11-3003){ref-type="fig"}). The currently recommended concentration of ozone for intra-articular injection, as a clinical treatment for OA, is 30 µg/ mL.[@b23-jpr-11-3003] Therefore, an ozone concentration of 30 µg/mL for 30 minutes was selected for the subsequent studies.

To study the signaling pathway or mechanism involved in the ozone-induced autophagy of IL-1β-stimulated chondrocytes, cells were pretreated with the autophagy inhibitor 3MA (100 nM) before treatment with 30 µg/mL ozone. 3MA suppressed the increased cell viability that was induced by 30 µg/mL ozone compared with the control group ([Figure 3B](#f3-jpr-11-3003){ref-type="fig"}). These data suggested that a dose of 30 µg/mL ozone promoted cell viability in chondrocytes stimulated with IL-1β by inducing autophagy. As shown in [Figure 3C](#f3-jpr-11-3003){ref-type="fig"}, an AMPK inhibitor, com C (5 µM), inhibited the improvement in cell viability of IL-1β-stimulated chondrocytes that was induced by the ozone treatment.

Treatment with 30 µg/mL ozone induces autophagy of IL-1β-stimulated chondrocytes
--------------------------------------------------------------------------------

To better determine whether the increased cell viability due to ozone treatment was related to autophagy, the effect of 3MA, an autophagy inhibitor, on chondrocytes stimulated by IL-1β treatment with ozone was examined. The autophagy-related protein Beclin-1 was measured by Western blotting, and LC3 II and P62 were measured by Western blotting and immunofluorescence.

As shown in [Figure 4](#f4-jpr-11-3003){ref-type="fig"}, LC3 II decreased significantly, and P62 obviously increased in chondrocytes stimulated with IL-1β. These data revealed that the level of autophagy declined in IL-1β-stimulated chondrocytes. Furthermore, LC3 II and Beclin-1 distinctly increased, while P62 slightly decreased with ozone treatment. Moreover, more autophagosomes were observed in chondrocytes stimulated with IL-1β treated with ozone ([Figure 5](#f5-jpr-11-3003){ref-type="fig"}). However, the increased autophagy process induced by ozone was restrained by 3MA pretreatment ([Figure 5](#f5-jpr-11-3003){ref-type="fig"}). This finding suggested that ozone treatment increased the decreased level of autophagy in chondrocytes stimulated with IL-1β but did not change the low level of autophagy in IL-1β-stimulated chondrocytes pretreated with 3MA ([Figure 4](#f4-jpr-11-3003){ref-type="fig"}). Overall, the combined treatment experiments indicated that 30 µg/mL ozone induced autophagy in IL-1β-stimulated chondrocytes.

Ozone-induced autophagy is involved in activation of the AMPK/mTOR signaling pathway in chondrocytes stimulated with IL-1β
--------------------------------------------------------------------------------------------------------------------------

It has been reported that mTOR participates in cell growth regulation and is closely related to autophagy.[@b24-jpr-11-3003] Moreover, the AMPK/mTOR signaling pathway participates in autophagy, and AMPK plays a role as a pivotal activator of autophagy.[@b25-jpr-11-3003] To investigate whether the ozone-induced autophagy in IL-1β-stimulated chondrocytes occurred through the AMPK/mTOR pathway, p-AMPK and p-mTOR proteins were detected by Western blotting. As shown in [Figure 6](#f6-jpr-11-3003){ref-type="fig"}, the protein expression of p-AMPK decreased in IL-1β-stimulated chondrocytes compared with control chondrocytes. Therefore, the protein expression of p-mTOR in IL-1β-stimulated chondrocytes was significantly increased compared with control chondrocytes ([Figure 6A, B](#f6-jpr-11-3003){ref-type="fig"}). More importantly, ozone treatment promoted the level of p-AMPK in chondrocytes stimulated with IL-1β. However, pretreatment with 3MA restrained the high expression of p-AMPK in chondrocytes stimulated by IL-1β and treated with ozone ([Figure 5A](#f5-jpr-11-3003){ref-type="fig"}). Additionally, the p-mTOR protein level in IL-1β-stimulated chondrocytes that were pretreated with 3MA increased slightly, which was attributed to the decreased p-AMPK level ([Figure 5B](#f5-jpr-11-3003){ref-type="fig"}).

Ozone inhibits the mRNA expression levels of IL-6 and TNF-α in chondrocytes stimulated with IL-1β
-------------------------------------------------------------------------------------------------

It was previously reported that inflammation, such as the level of NLRP3 inflammasomes, is inhibited through the activation of autophagy.[@b26-jpr-11-3003] To determine whether inflammation is related to ozone-induced autophagy in IL-1β-stimulated chondrocytes, the mRNA expression of IL-6 and TNF-α was detected by qRT-PCR. The mRNA expression levels of IL-6 and TNF-α in chondrocytes stimulated by IL-1β with ozone treatment were dramatically decreased, whereas high expression levels were maintained with 3MA pretreatment ([Figure 7A, B](#f7-jpr-11-3003){ref-type="fig"}). Thus, it is speculated that the inhibited mRNA expression of IL-6 and TNF-α by ozone treatment may be related to ozone-induced autophagy in chondrocytes stimulated with IL-1β. In summary, ozone negatively affects IL-1β-induced expression of chondrocyte IL-6 and TNF-α mRNA, which may be related to the improvement in autophagy.

The AMPK inhibitor compound C blocks ozone-induced autophagy in chondrocytes stimulated with IL-1β
--------------------------------------------------------------------------------------------------

To further determine whether ozone-induced autophagy resulted from activation of the AMPK/mTOR signaling pathway, the effect of the AMPK inhibitor com C on ozone-induced autophagy in chondrocytes stimulated with IL-1β was detected. [Figure 8](#f8-jpr-11-3003){ref-type="fig"} shows that p-AMPK protein expression was inhibited by pretreatment with com C, and the protein expression of p-mTOR was obviously increased in IL-1β-stimulated chondrocytes treated with ozone ([Figure 8A, B](#f8-jpr-11-3003){ref-type="fig"}). However, the protein expression of ULK1 was significantly improved with ozone treatment, and this result did not visibly decline with com C pretreatment ([Figure 8C](#f8-jpr-11-3003){ref-type="fig"}).

Furthermore, the autophagy-related protein LC3 II decreased and P62 sharply increased in chondrocytes stimulated with IL-1β and pretreated with com C ([Figure 9](#f9-jpr-11-3003){ref-type="fig"}). In addition, the formation process of autophagosomes was inhibited by com C ([Figure 5](#f5-jpr-11-3003){ref-type="fig"}). Moreover, the apoptosis-associated proteins Bcl2 and Bax play important roles in regulating apoptosis. An increased Bcl2/Bax ratio prevents chondrocyte apoptosis via the AMPK signaling pathway.[@b27-jpr-11-3003] The Bcl2/Bax ratio was significantly higher in chondrocytes stimulated with IL-1β treated with ozone compared with those pretreated with com C ([Figure 8D](#f8-jpr-11-3003){ref-type="fig"}). Com C alone did not markedly affect the Bcl2/Bax ratio in IL-1β-stimulated chondrocytes ([Figure 8D](#f8-jpr-11-3003){ref-type="fig"}). In conclusion, ozone-induced autophagy inhibited apoptosis by activating the AMPK/ mTOR pathway, but this result was blocked by com C.

The AMPK inhibitor compound C blocks the inhibition of IL-6 and TNFα mRNA expression in chondrocytes stimulated with IL-1β
--------------------------------------------------------------------------------------------------------------------------

Research shows that inflammatory cytokines, such as IL-6 and TNF-α, and multiple chemokines promote OA progression by altering chondrocyte function and viability.[@b28-jpr-11-3003] To determine whether the inhibition of mRNA expression levels of IL-6 and TNF-α by ozone resulted from activation of the AMPK/mTOR pathway in chondrocytes stimulated with IL-1β, the mRNA expression of IL-6 and TNF-α after pretreatment with com C was measured by qRT-PCR. The results showed that com C led to high mRNA levels of IL-6 and TNF-α, and this partly inhibited the suppression of TNF-α mRNA expression caused by ozone ([Figure 10A, B](#f10-jpr-11-3003){ref-type="fig"}). These data indicated that the AMPK/mTOR pathway might be involved in the inhibition of IL-6 and TNF-α mRNA expression in chondrocytes stimulated with IL-1β and treated with ozone.

Ozone maintains the balance between extracellular matrix synthesis and degradation
----------------------------------------------------------------------------------

Chondrocytes are indispensable for maintaining a healthy cartilage extracellular matrix.[@b29-jpr-11-3003] As shown in [Figure 10C, D](#f10-jpr-11-3003){ref-type="fig"}, the mRNA expression of MMP-13 obviously increased and TIMP-1 decreased in IL-1β-stimulated chondrocytes. However, ozone reversed these effects, inhibiting MMP-13 and promoting TIMP-1 mRNA levels. Moreover, com C partially inhibited the effect of ozone on chondrocytes stimulated with IL-1β. The results verified that ozone contributed to improving the balance between extracellular matrix synthesis and degradation.

Discussion
==========

OA is a general joint disease that affects approximately 3.3% to 3.6% of the population globally, this representing a global burden.[@b30-jpr-11-3003],[@b31-jpr-11-3003] The main symptoms of OA are joint pain, arthroncus, stiffness and limited range of motion. Autophagy is constitutively activated in normal chondrocytes, which is a key cell survival mechanism under various forms of stress.[@b11-jpr-11-3003] Nevertheless, there are some side effects of ozone, such as neurotoxicity and respiratory injury. Ozone therapy has been widely used in the treatment of OA and has yielded positive results.[@b32-jpr-11-3003] However, the clinical application of ozone seems to be empirical, and there are limited studies showing its molecular biological mechanisms.

Our study demonstrated that ozone dramatically improved autophagy in chondrocytes stimulated with IL-1β, suppressed inflammation and promoted the balance between extracellular matrix synthesis and degradation in OA. Ozone treatment significantly increased LC3 II, Beclin-1 and ULK1 and decreased mTOR and P62 in IL-1β-stimulated chondrocytes; these proteins are autophagy-related proteins that are involved in key molecular signaling pathways. Furthermore, ozone treatment profoundly upregulated the levels of p-AMPK, and the improved autophagy in chondrocytes stimulated with IL-1β was suppressed by com C. In addition, ozone treatment significantly suppressed inflammation and regulated metabolism in IL-1β-stimulated chondrocytes. Above all, AMPK activation plays an essential role in promoting autophagy in chondrocytes stimulated with IL-1β and treated with ozone, allowing a new perspective regarding the mechanism of ozone treatment for OA to be proposed.

In this study, we initially sought to establish the effect of ozone treatment on IL-1β-stimulated chondrocytes as well as its impact on the autophagy of chondrocytes with IL-1β. We explored the suitable concentration of ozone for chondrocytes stimulated with IL-1β using a CCK-8 kit. Our results showed that ozone at 40, 50 and 60 µg/mL reduced cell viability in a concentration-dependent manner. However, 30 µg/mL ozone was the most suitable for chondrocytes simulated with IL-1β, and it promoted cell viability ([Figure 3A](#f3-jpr-11-3003){ref-type="fig"}). These results indicated that an ozone concentration of 30 µg/mL could be suitable for the treatment of chondrocytes stimulated with IL-1β.

Autophagy is considered an important cell viability mechanism under diversified situations of stress.[@b33-jpr-11-3003] Moreover, normal autophagy in articular cartilage plays a crucial role in cellular homeostasis.[@b10-jpr-11-3003] Our results demonstrated that the level of autophagy was decreased in IL-1β-stimulated chondrocytes in vitro; the autophagy-related marker LC3 II was decreased, whereas P62 was increased. Consistent with our results, the protein expression of LC3 II was significantly downregulated and P62 was upregulated in chondrocytes stimulated with IL-1β in vitro.[@b34-jpr-11-3003] More importantly, our data showed that ozone promoted a low level of autophagy in chondrocytes stimulated with IL-1β. Furthermore, the ozone-induced autophagy of chondrocytes stimulated by IL-1β was inhibited by 3MA ([Figure 4](#f4-jpr-11-3003){ref-type="fig"}). However, Beclin-1, a key autophagy-related marker, was not affected by 3MA and was still expressed at a high level with ozone treatment ([Figure 6C](#f6-jpr-11-3003){ref-type="fig"}). In addition, autophagosomes and degradative autophagosomes were observed by TEM. The ozone-induced autophagy was inhibited by 3MA ([Figure 5](#f5-jpr-11-3003){ref-type="fig"}), suggesting that ozone-induced autophagy might not be affected by Beclin-1.

It has been reported that the level of autophagy is related to ROS and that autophagy is induced by ROS through the AMPK/mTOR signaling pathway.[@b35-jpr-11-3003],[@b36-jpr-11-3003] In order of preference, ozone reacts with polyunsaturated fatty acids, antioxidants such as ascorbic and uric acids, thiol compounds with -SH groups such as cysteine, reduced glutathione (GSH) and albumin. All of these compounds act as electron donors and undergo oxidation. The main reaction shows the simultaneous formation of one mole of hydrogen peroxide (included among reactive oxygen species, ROS) and two moles of lipid oxidation products.[@b37-jpr-11-3003] In other words, the effect of ozone treatment activates the antioxidation system mediated by ROS. Therefore, we further studied whether the AMPK/mTOR signaling pathway was involved in ozone-induced autophagy in chondrocytes stimulated with IL-1β. Our data demonstrated that ozone induced AMPK phosphorylation and suppressed mTOR phosphorylation in chondrocytes stimulated with IL-1β. In addition, 3MA was a barrier for ozone activation of the AMPK/mTOR signaling pathway ([Figure 5A, B](#f5-jpr-11-3003){ref-type="fig"}). Furthermore, com C inhibited ozone-induced autophagy in IL-1β-stimulated chondrocytes ([Figures 5](#f5-jpr-11-3003){ref-type="fig"} and [7](#f7-jpr-11-3003){ref-type="fig"}). Therefore, AMPK is a key regulator of autophagy in chondrocytes stimulated with IL-1β. Additionally, metformin, which is mainly used for clinical treatment of diabetes, is an agonist of AMPK. However, a previous clinical study reported that metformin does not reduce the risk of OA.[@b38-jpr-11-3003]

ULK1 is another key regulator of autophagy that is also regulated by AMPK and mTOR. AMPK can promote autophagy by directly activating ULK1 when the organism lacks energy. Otherwise, the increased mTOR activity inhibits ULK1 to suppress autophagy and interrupts the interconnection between ULK1 and AMPK.[@b39-jpr-11-3003] Our results showed that com C did not completely inhibit the protein level of ULK1, but autophagy was decreased with com C pretreatment in chondrocytes stimulated with IL-1β ([Figures 8C](#f8-jpr-11-3003){ref-type="fig"} and [10](#f10-jpr-11-3003){ref-type="fig"}). Therefore, ULK1 is not the crucial factor for ozone-induced autophagy in chondrocytes. Activating the AMPK/mTOR signaling pathway might be the key mechanism of ozone-induced autophagy in chondrocytes stimulated with IL-1β.

Moreover, inflammation suppresses autophagy in OA, which may aggravate the degree of OA. During the course of inflammation, proinflammatory cytokines, such as TNF-α, IL-1β and IL-6, are secreted by activated chondrocytes and stimulate the production of other inflammatory cytokines and matrix degrading enzymes.[@b40-jpr-11-3003] Karouzakis et al and Vaillant et al reported that ozone therapy reduces TNF-α concentrations, which is a proinflammatory cytokine and can activate the nuclear factor-κB (NF-κB) pathway, leading to a downstream cascade of other inflammatory cytokines and giving rise to a vicious cycle that perpetuates the chronic inflammatory process.[@b41-jpr-11-3003],[@b42-jpr-11-3003] Our data suggested that ozone-induced autophagy might contribute to inhibiting the expression of proinflammatory cytokines in IL-1β-stimulated chondrocytes. However, the downregulation of TNF-α mRNA was not completely inhibited by com C in chondrocytes with IL-1β ([Figure 9A, B](#f9-jpr-11-3003){ref-type="fig"}). These results indicated that activation of the AMPK/mTOR signaling pathway by ozone participates in suppressing the expression of inflammatory cytokines and that ozone inhibits the expression of TNF-α by other signal ing pathways besides AMPK/mTOR. These results were consistent with the previous results showing that the activation of AMPK inhibits inflammation by aggravating autophagy.[@b43-jpr-11-3003]

Furthermore, these proinflammatory cytokines play important roles in disrupting the cartilaginous metabolic balance between MMPs and TIMPs, which mediate cartilage degradation.[@b44-jpr-11-3003] These proinflammatory cytokines increase the release of MMPs and aggrecanase, which are enzymes that degrade the matrices, causing cartilage damage, disturbance of the metabolic balance of the cartilage matrix and eventually apoptosis.[@b45-jpr-11-3003] Therefore, we evaluated whether ozone regulated the cartilaginous metabolic balance interrupted by inflammatory cytokines, and the mRNA expression levels of MMP-13 and TIMP-1 were measured. Our data demonstrated that ozone-induced autophagy might regulate the cartilaginous metabolism interrupted by inflammatory cytokines in chondrocytes stimulated with IL-1β. As Jiang et al reported, adipose-derived stem cells induced autophagy and inhibited the catabolic response of chondrocytes treated with IL-1β.[@b46-jpr-11-3003] Ozone reduced the amount of MMP-13 to lower levels than those detected in control chondrocytes and chondrocytes stimulated with only IL-1β, but com C inhibited the reduction caused by ozone to a certain degree. Likewise, com C slightly suppressed the enhancement of the TIMP-1 level caused by ozone. Our data suggested that, in addition to the AMPK/mTOR signaling pathway, ozone-induced autophagy regulating cartilaginous metabolism also acts upon other signaling pathways, such as NF-κB.[@b41-jpr-11-3003],[@b42-jpr-11-3003]

Conclusion
==========

We demonstrated that ozone induced autophagy by activating the AMPK/mTOR signaling pathway in chondrocytes stimulated with IL-1β. We propose a potential mechanism for ozone treatment of OA, and we provide powerful evidence for the application of ozone for the treatment of OA.
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![Rat chondrocyte culture and morphological observations.\
**Notes:** On day 3 of culture in vitro, chondrocytes were growing well and were observed under an inverted phase contrast microscope. Under the inverted phase contrast microscope at different magnifications of 20× (**A**) and 40× (**B**), chondrocytes were observed to be attached to the wall of the culture flask and had spread. A cobblestone-like appearance was clearly observed (**B**).](jpr-11-3003Fig1){#f1-jpr-11-3003}

![Chondrocytes were stained with an anti-type II collagen (col II) polyclonal antibody.\
**Notes:** More than 95% of the cultured cells (the third generation) showed positive expression of col II in vitro. The number of col II-positive cells was counted per area and is presented as a percentage of the total number of cells. At least 15 photomicrographs were evaluated randomly per treatment, and each treatment was performed in triplicate.](jpr-11-3003Fig2){#f2-jpr-11-3003}

![The increased cell viability in chondrocytes stimulated with IL-1β and treated with ozone was reduced by 3MA or com C.\
**Notes:** (**A**) Chondrocytes stimulated with IL-1β (10 ng/mL) for 24 hours were treated with different doses of ozone for different time periods, and treatment with 30 µg/mL ozone for 30 minutes promoted cell viability in chondrocytes stimulated with IL-1β, as determined by the CCK-8 assay. (**B**) Chondrocytes stimulated with IL-1β (10 ng/mL) for 24 hours were treated with ozone (30 µg/mL) in the absence or presence of 3MA (100 nM), and the improvement in cell viability induced by ozone was abated by 3MA. (**C**) Chondrocytes stimulated with IL-1β (10 ng/mL) for 24 hours were treated with ozone (30 µg/mL) in the absence or presence of com C (5 µM), and the improvement in cell viability induced by ozone was abated by com C. The data are presented as the mean ± SD for three independent experiments. \**P*\<0.05, \*\**P*\<0.01, compared with the control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, compared with IL-1β.](jpr-11-3003Fig3){#f3-jpr-11-3003}

![Role of ozone-induced autophagy in chondrocytes stimulated with IL-1β (10 ng/mL).\
**Notes:** Cells were treated with IL-1β for 24 hours, with or without pretreatment with the autophagy inhibitor 3MA (100 nM) for 12 hours. The levels of LC3 II (**A, C**) and P62 (**B, D**) were measured by Western blotting and immunofluorescence. The data are presented as the mean ± SD of three independent experiments.](jpr-11-3003Fig4){#f4-jpr-11-3003}

![Ozone increased the autophagosomes in chondrocytes stimulated with IL-1β (10 ng/mL), which was blocked by 3MA and com C.\
**Notes:** The arrows indicate autophagosomes. The data are from three independent experiments.](jpr-11-3003Fig5){#f5-jpr-11-3003}

![Ozone activated the AMPK/mTOR signaling pathway in chondrocytes stimulated with IL-1β (10 ng/mL), and this effect was inhibited by 3MA.\
**Notes:** Cells were treated with IL-1β for 24 hours, with or without pretreatment with the autophagy inhibitor 3MA (100 nM) for 12 hours. The levels of p-AMPK (**A**), p-mTOR (**B**) and Beclin-1 (**C**) in chondrocytes stimulated with IL-1β were measured by Western blotting. The data are presented as the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, compared with the control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, compared with IL-1β.](jpr-11-3003Fig6){#f6-jpr-11-3003}

![Ozone suppresses inflammatory cytokines in chondrocytes stimulated with IL-1β (10 ng/mL).\
**Notes:** Cells were treated with IL-1β (10 ng/mL) for 24 hours, with or without pretreatment with the autophagy inhibitor 3MA (100 nM) for 12 hours. The mRNA expression of IL-6 (**A**) and TNFα (**B**) in chondrocytes stimulated with IL-1β was measured by qRT-PCR. The data are presented as the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, compared with the control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, compared with IL-1β.](jpr-11-3003Fig7){#f7-jpr-11-3003}

![Ozone activated the AMPK/mTOR signaling pathway in chondrocytes stimulated with IL-1β, and this effect was inhibited by com C.\
**Notes:** Cells were treated with IL-1β for 24 hours, with or without pretreatment with the AMPK inhibitor com C (5 µM) for 12 hours. The levels of p-AMPK (**A**), p-mTOR (**B**) and ULK1 (**C**) and the Bcl2/Bax ratio (**D**) in chondrocytes stimulated with IL-1β were measured by Western blotting. The data are presented as the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, compared with the control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, compared with IL-1β.](jpr-11-3003Fig8){#f8-jpr-11-3003}

![Ozone induced autophagy in chondrocytes stimulated with IL-1β (10 ng/mL), and this effect was blocked by com C.\
**Notes:** Cells were treated with IL-1β for 24 hours, with or without pretreatment with the AMPK inhibitor com C (5 µM) for12 h. The levels of LC3 (**A, B**) and P62 (**C**) were measured by Western blotting and immunofluorescence. The data are presented as the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, compared with the control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, compared with IL-1β.](jpr-11-3003Fig9){#f9-jpr-11-3003}

![Ozone suppressed inflammatory cytokines and regulated chondrocyte metabolism, and this effect was blocked by com C.\
**Notes:** The cells were treated with IL-1β for 24 hours, with or without pretreatment with the AMPK inhibitor com C (5 µM) for 12 hours. The mRNA expression of IL-6 (**A**), TNF-α (**B**), MMP-13 (**C**) and TIMP-1 (**D**) in chondrocytes stimulated with IL-1β was measured by qRT-PCR. The data are presented as the mean ± SD of three independent experiments. \**P*\<0.05, \*\**P*\<0.01, compared with the control; ^\#^*P*\<0.05, ^\#\#^*P*\<0.01, compared with IL-1β.](jpr-11-3003Fig10){#f10-jpr-11-3003}
